Abstract-Microwave (MW) and millimeter-wave (mmW) propagation are severely affected by dust storms and sand storms in arid and semi-arid areas. Electromagnetic waves may suffer from attenuation due to suspended particles during a dust storm. This paper proposes an empirical model to predict the attenuation due to dust storms based on a one-year measurement of visibility, humidity and their effects on MW links in Sudan. Signal strength variations on two operational MW links at 14 and 22 GHz as well as visibility were monitored simultaneously. The model is developed empirically using measured attenuation and measured storm characteristics (e.g., visibility, dielectric constant, frequency, and moisture content). The predicted attenuation from the proposed empirical model is compared with the attenuation at frequencies ranging from 7.5 to 40 GHz measured at different locations, and good agreement is found. Additionally, this method is characterized by simplicity and capability to predict reliable dust storm attenuation for a wide range of frequencies and moisture levels.
Analytical models have been developed to interpolate attenuation induced by dust storms. These models have been based either on Rayleigh approximation [8] [9] [10] [11] or Mie scattering theory [12] , [13] . Rayleigh approximation is suitable when the radius of the particle is small compared to the wavelength [14] . On the other hand, the Mie solution does not have the limitations of Rayleigh approximation.
However, Rayleigh approximation and Mie scattering are based on single particle scattering theory and do not include the multiple scattering effect. Although these attenuation models are based on theoretical assumptions, they depend on certain empirical inputs, such as frequency, visibility, and dust particle characteristics, including shape, dielectric constant, and size. Investigations have shown that dust particles are random in shape and cannot be assumed to be spheres, ellipsoids, or any other shapes [15] . Sand and dust particle distributions reported in the literature range from 0.05 to 0.150 μm [16] [17] [18] .
Xiao-Ying [19] developed a model by formulating the wave propagation constant based on the equivalent complex permittivity using the Maxwell-Garnett formula. However, Maxwell recognized that his formula is valid only when the volume fraction of inclusions is small [20] , [21] .
On the other hand, the finite-difference time-domain (FDTD) method has been implemented with the turning bands method to formulate the scattering, absorption, and extinction cross section of dust particles based on multiple scattering effects [22] . However, the FDTD method must perform volumetric integration over a volume larger than the particle, which is computationally time consuming. Additionally, the FDTD method is inappropriate for applications involving groups of randomly oriented particles [23] .
All available models were found to be unable to predict measured attenuation accurately. They were limited to certain frequencies and were complicated and time consuming.
In this paper, the first empirical dust storm attenuation prediction model is proposed. The model is developed to overcome the complex nature of the real dust storm phenomena, which is difficult to describe in analytical or numerical models.
The proposed empirical model is based on data from longterm monitoring of MW links and an automatic weather station (AWS) in Khartoum, Sudan. The model predicts the attenuation as a function of visibility, frequency, dielectric constant and moisture content. The model is characterized by its simplicity, flexibility, reliability, and efficiency.
The rest of this paper is organized as follows. Section II shows the available dust storm attenuation prediction models. Section III presents the measurement setup and data collection. Section IV compares the predicted attenuation with the measured data. Section V presents the proposed empirical model. The validation of the proposed model and discussion of the results is presented in Section VI. The paper is concluded in Section VII.
II. AVAILABLE PREDICTION MODELS
The effect of dust storms on MW and mmW attenuation are generally estimated by solving the forward scattering amplitude function of a single particle. The solutions are determined using the Rayleigh approximation, Mie equations or numerical methods. For randomly distributed particles in air, the single scattering approximation or multiple scattering theory is applied, according to the concentration of the particles in the air.
Based on Rayleigh approximation, Ahmed et al. [9] developed a dust-induced attenuation prediction model expressed as
where α is the attenuation, λ is the wavelength in meters, and ε' and ε" are the real and imaginary parts of the dielectric constant of the dust particles. G is a constant that depends on the particle dielectric constant (ε = ε + j ε " ).V 0 is the optical visibility in kilometers. r e is the equivalent particle radius in meters, equal to 48.3 μm. Goldhirsh [10] derived an attenuation prediction model for dust storms expressed by
where V is the visibility in kilometers, and γ is a constant value equal to 1.07. λ is the wavelength in meters. Based on Mie theory, Elabdin et al. [12] derived another attenuation prediction model as follows:
where f is the frequency in GHz. a e is the equivalent particle radius in meters, equal to 30 μm. x, y, z are constants that depend on the particle dielectric constant (ε = ε + j ε " ). Sharif [13] developed a model based on Mie scattering. Sharif considered the variation of the dust particles dimensions in his model as follows:
where A P is the attenuation considering particle dimensions. c " 1 , c " 2 , and c " 3 are constants that depend on the particle dielectric constant (ε = ε + j ε " ).
Xiao-Ying et al. [19] developed a model for attenuation prediction using the effective material property technique and the general formulation of the complex propagation factor as 
where ε and ε" are the real and imaginary parts of ε * eq , and ε * eq is the complex relative permittivity of sand and dust. Chen and Ku [22] used the FDTD method implemented with the turning band method to predict attenuation due to dust storms based on multiple scattering effects given in the following equation:
where K is an integer number of r max / r, and r max and r are the maximum particle radius in the storm and the incremental radius, respectively. σ ext is the extinction cross section. Table I gives the values of the important parameters required to predict the attenuation using dust storm attenuation prediction models discussed earlier.
III. EXPERIMENTAL SETUP AND DATA COLLECTION
The experimental system consists of radio links, metrological sensors, and data acquisition and processing hardware. The MW links under monitoring were Shakeer-Magharba and Maygooma-Koukou operating at 14.4 and 21.3 GHz with 2.6 and 2.8 km, respectively.
These links were located in northeast Khartoum, approximately 5 km from the Khartoum airport. Meteorological data were collected from an AWS, operating in Khartoum International Airport. Visibility was measured using Vaisala Transmissometer model LT31 [24] ; an optical range from 10 to 10 000 m with 1 min integration time and accuracy of ±3% were obtained. Rain fall rate is measured with 1 min integration time and accuracy of ±1%.
Additionally, the AWS is equipped with sensors for temperature (T ), relative humidity (RH), wind speed and wind direction [24] . Tables II and III show detailed specifications of the MW links; Fig. 1 shows a map of the MW links and the automatic weather station.
From careful monitoring of the MW links, signal level variations of 0.7 and 2.5 dB have been recorded due to diurnal and seasonal temperature variation, respectively. 
A. Data Collection
During the experimental period from June 1, 2014 to May 31, 2015, more than 22 dust storms were experienced in the city of Khartoum. Metrological parameters as well as transmitted and received signal levels were recorded during the storm events.
1) Visibility: Optical visibility has typically been used to measure the severity of dust storms. Consequently, Fig. 2 shows the cumulative distribution function of the optical visibility based on the collected data using an LT31 sensor. Fig. 2 indicates that 0.01% of the time during the year visibility was ≤83 m, whereas 20% of the time during the year visibility was ≤9 km; beyond the point where visibility equals 9 km an exponential improvement in the visibility has been experienced.
Moreover, a thorough investigation of the effects of an actual dust storm on the MW signals provides a better understanding of the complex phenomena. Fig. 3(a) and (b) shows an analysis of dust storm events on June 6, 2014. Fig. 3(a) shows that Khartoum has been hit by a dust storm with several peaks. In the first attack at 16:15, visibility dropped from 3000 to 500 m and returned to 6000 m at 18:14. The second attack started at 18:15 when the visibility reduced from 4800 m to a very low value during the storm. Visibility then increased to 1000 m after half an hour and continued to return to its prestorm value for another half an hour. However, at the first attack, the visibility was reduced to 500 m and a small change was recorded in the received signal level. It has been observed that some turbulent events moved slowly in arbitrary directions and did not occur concurrently at weather stations and along the link; the first attack might have been a similar event. On the other hand, simultaneous degradation in the signal level was observed at the second attack when the visibility nearly approached zero. At a high visibility of V > 500 m, limited changes in the received signal level are experienced, whereas in a severe dust storm with V< 500 m, a significant degradation in the received signal level is observed.
2) Relative Humidity: Fig. 3(b) shows that the RH increased drastically from approximately 20% to 70% during the dust storm measurement. This rapid increase in the RH directly affects the moisture content of the dielectric constant of the dust and consequently degrades the signal significantly due to changes in the dielectric characteristics of the dust particles.
3) Attenuation Due to Dust Storm: Fig. 4 shows the cumulative distribution functions of the measured attenuation due to the dust storm for two MW links with 2.6-and 2.8-km path lengths operating at 14.4 and 21.3 GHz, respectively. Measured attenuation has been converted to dB/km, assuming uniform intensity of dust storm over the link.
However, the intensity of sand/dust storms is not uniform; a study in Riyadh, Saudi Arabia concluded that the dust storm cell size was generally in excess to 20 km [25] . Consequently, in Sudan, attenuation has been measured based on short links with path lengths of 2.6 and 2.8 km as shown in Fig. 4 . Hence, the assumption of uniform dust storm intensity can be considered valid over these short path lengths. Additionally, if the intensity of the dust storm is not uniform over the entire link, a slight overestimation or a slight underestimation may occur during analysis of each event; the misestimations tend to cancel each other out after adding several events throughout a year.
B. Data Availability
The receive signal levels for the MW links with 2.6 and 2.8 km at 14.4 and 21.3 GHz, respectively, were collected in Khartoum, Sudan from June 1, 2014 to May 31, 2015 with 92% availability. Visibility data were collected for 21 dust storm events; only one event was missed during the monitoring period.
IV. PREDICTION MODELS VERSUS MEASURED DATA
Measured attenuation is compared at the same condition to the predicted attenuation obtained by Goldhirsh [10] , Ahmed [9] , Zain [12] , Xiao-Ying [19] , Chen [22] , and Sharif [13] ; the measured and predicted attenuation at 14 and 22 GHz are plotted in Figs. 5 and 6, respectively. Equations (1)-(5) and (7) are used to predict attenuation at 14 and 22 GHz. Therefore, the available models are not capable of predicting the attenuation accurately at both frequencies, especially at low visibility with the high particle concentrations, as shown in Figs. 5 and 6. Attenuation in dust storms occurs mainly from two physical mechanisms, which are absorption and scattering of the dust particles. However, at higher frequencies, the scattering effect becomes more pronounced. The computations of these effects require knowledge of electrical properties of the scattering particles in addition to some other mechanical properties, such as particle shape and size. For all analytical and numerical models proposed earlier, attenuation prediction was based on the assumption of the spherical shape of dust particles, arbitrarily considered average dust particle sizes, and very limited measurements on dust particle dielectric constant [13] .
From our recent measurements in Sudan, it has been determined that dust particles are random in shape and cannot be assumed to be spheres, ellipsoids, or any other shape. Additionally, dust particle samples collected in Khartoum had a normal distribution of the dust particle diameters with means of 47 and 66 μm. Moreover, the dielectric constant of sand and dust varies according to frequency and moisture content [18] .
From careful study, it can be observed that the dust particle shape, size and variation of dielectric constants with moisture contents are the main source of underestimation in attenuation predictions.
V. PROPOSED EMPIRICAL MODEL
Even though many mathematical, physical, and numerical models have been developed recently, an experimental approach is still needed. Such an approach can integrate all complex effects during the dust storm, which may be very difficult to incorporate in other approaches. Hence, empirical models are considered more reliable for investigating the effects of dust storms on the operation and design MW and mmW links [26] .
Generally, in cases when the investigator has little or no control over events, the experimental approach is preferred, especially when focusing on a contemporary phenomenon within the context of a real environment. However, direct observation is the only certain method for extrapolating the magnitude and frequency of propagation impairments on microwave links [27] .
In developing the empirical model, the following observations and derivation steps have been followed.
1) The model is developed based on measured visibility, RH, and attenuation at 22 GHz as shown in Figs. 2, 3 , and 4, respectively. 2) Fig. 3(b) shows that during the dust storm, there was a certain amount of RH present in the sand and dust particles. 3) If the moisture is present in the dust and sand particles, electromagnetic characteristics of dust and sand particles change significantly. 4) When moisture is present in the dust and sand particles, the real and imaginary parts of the dielectric constant will vary due to their dependence on frequency and moisture [18] . Moreover, measurement has shown that dust can absorb 5.1% of moisture by weight in air with 82% RH [28] . 5) A study on the effect of the frequency and moisture showed that real part ε has no significant relation with the frequency at moisture content (m v < 20%). On the other hand, it has been found that ε" has a significant correlation with the frequency in the 1-20 GHz range, as shown in Fig. 7 [29]. 6) Using regression, it is apparent that attenuation (i.e., the response variable) is affected by visibility and the imaginary part of dielectric constant (i.e., the predictors) as follows:
Equation (8) can be re-expressed to separate visibility and the dielectric constant, thereby proposed as
where V is visibility, and ε" is the imaginary part of the dielectric constant. f is the frequency, and m is the moisture content. 7) An equation that relates the imaginary part of the dielectric constant ε" to the frequency at different moisture contents can be extrapolated from Fig. 7 as follows:
where the values of c, d, and e depend on the volumetric moisture content present in the dust, as shown in Table IV . 8) Using the measured attenuation at 22 GHz from Fig. 4 and the known relation of the imaginary part of the dielectric constant (10) at a given frequency and moisture content, the contribution of visibility in the attenuation is estimated as follows:
where W is the contribution of visibility in the attenuation and A is the measured attenuation at 22 GHz. Based on the attenuation measured at 22 GHz, the values of W are calculated at different moisture levels. 9) Using the trust region curve fitting algorithm, the contribution of visibility to the attenuation due to the dust storm is extrapolated as follows:
where V is the visibility in km, a and b are constants representing the contribution of the visibility as shown in Table V . 10) Using the values of a and b to predict the attenuation at different moisture contents, 0.1 cm 3 /cm 3 volumetric moisture content achieves good predictions at 14 and 22 GHz. Therefore, parameters a and b are fixed at this 0.1 cm 3 /cm 3 value. 11) Finally, the proposed prediction model is as follows:
where V is the visibility in km, a= 0.6301, b = −1.123, f is the frequency in GHz, m v is the volumetric moisture content, c, d, and e are parameters representing the imaginary part of the dielectric constant at different frequencies and moisture per Table V. The empirical model, which was developed based on longterm data collection, is a function of visibility in terms of kilometers, dielectric constant, frequency in terms of GHz, and moisture content. As shown in (13) , the model is very simple and requires only the measured visibility and frequency data.
The analytical and numerical prediction models depend on empirical or semi-empirical input parameters, such as particle shape, particle size, dielectric constant, visibility, and frequency.
VI. VALIDATION OF THE PROPOSED MODEL
Measurements were carried out in Khartoum on two MW links. The links operate at 14 (Ku-band) and 22 GHz (Ka-band) with path lengths of 2.6 and 2.8 km, respectively. During the measurement period from June 1, 2014 to May 31, 2015, more than 22 dust storms were recorded in Khartoum. The measured attenuation at 14 and 22 GHz was compared with those predicted by the proposed model in (13) and presented in Fig. 8 . Additionally, similar measurements reported in Riyadh, Saudi Arabia at 40 GHz over a 14 km MW link [25] were also compared with the proposed model and presented in Fig. 9. Figs. 8 and 9 show that the attenuation obtained by the proposed empirical model shows good agreement with the measured attenuation. Generally, attenuation due to sand and dust storms depends heavily on frequency, visibility, and complex permittivity of the particle, as shown in Figs. 8 and 9 .
To validate the proposed empirical model, the root-meansquare error (RMSE) values of attenuation in dB/km for the proposed model and the available models at 14, 22, and 40 GHz were calculated using (14) [30] and presented in Table VI . The proposed model achieved the best RMSE values of 0.35, 0.26, and 0.022 dB/km at frequencies of 14, 22, and 40 GHz, respectively. RMSE is calculated as follows:
where y is the predicted specific attenuation and y i is the measured specific attenuation. A few additional measurements were reported in Khartoum on a 20-km link operated at 7. Thus, a simple and efficient empirical model to predict attenuation due to dust storms has been proposed. The model has been validated at frequencies ranging from 7.5 to 40 GHz. Furthermore, the dust particles scattering effects and prediction increase as frequency increases. Moreover, measured and predicted attenuations increase as the visibility decreases (e.g., particle concentration increases). Therefore, attenuation is directly proportional to frequency and inversely proportional to visibility.
VII. CONCLUSION
This paper investigates the effects of propagation on MWs and mmWs in a dust storm. Meteorological parameters, such as visibility, humidity and their effects on 14 and 22 GHz MW propagation, were measured concurrently for a one-year period in Sudan. The first empirical model was developed based on measured data and can be used to predict attenuation due to dust storms. The proposed model is a function of visibility, frequency, moisture content, and dielectric constant to predict attenuation with high reliability. The proposed model reflects all measurements more accurately than contemporary physical and mathematical models.
The model is simple in its expression and is characterized by flexibility in accommodating a wide range of frequencies, as well as moisture levels varying from dry to wet dust.
The proposed model has been validated with measurements at different locations at 7.5, 13, 14, 22, and 40 GHz and has found very good agreement. However, to improve the accuracy of the proposed model, measurements of dust dielectric constant behavior at higher frequency bands with different moisture contents are required.
